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Expression of Nox4 in Osteoclasts

Su Yang,* Yizhong Zhang, William Ries, and Lyndon Key
Department of Pediatrics, Medical University of South Carolina, Charleston, SC 29425

Abstract A new superoxide-generating enzyme, NADPH oxidase 4 (Nox4), contributes to osteoclastic superoxide
production. In this study, we demonstrated that Nox4 is expressed at a higher level in osteoclasts than that in precursor
cells. This result suggested that Nox4 is upregulated during the differentiation and development of osteoclasts.
Cotransfection of Nox4/P22 DNA resulted in enhanced superoxide production in osteoclasts, indicating that P22 may be a
necessary factor for the Nox4 activity. In addition, expression of both cathepsin K and TRAP is increased significantly in
osteoclasts cotransfected with Nox4/P22. Further study revealed that JNK was activated and that NF-«xB was inhibited in
Nox4/P22 cotransfected osteoclasts. These findings suggest that superoxide and/or superoxide derived molecules may
modulate the signal transduction pathways necessary for osteoclasts to function. J. Cell. Biochem. 92: 238-248, 2004.
© 2004 Wiley-Liss, Inc.
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Garrett et al. [1990] and Key et al. [1990]
demonstrated that superoxide was generated
by osteoclasts and was related to their bone
resorptive activity. Since superoxide is gener-
ated on the external membrane of the osteoclast
and is located at the ruffle-border area [Key
et al., 1990], there is consistency with the
concept that superoxide contributes to bone
resorption. A superoxide scavenger, the des-
feral-manganese complex (DMnC), reduced the
amount of osteoclastic superoxide, and resulted
in a decrease of bone resorption in a dose-
dependent manner [Ries et al., 1992]. Key et al.
[1994] demonstrated that osteocalcin, one of the
noncollagenous bone matrix proteins, was frag-
mented into small peptides upon exposure to
superoxide. Superoxide was produced by osteo-
clasts in an extracellular compartment and
even in the absence of other enzymes, super-
oxide was capable of degrading bone matrix pro-
teins. The destructive properties of superoxide
(and possibly other oxygen radicals) contribute
to degradation of matrix proteins, making them
more susceptible to enzyme digestion [Hall
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et al., 1995]. Evidence suggests that, in the ab-
sence of superoxide, acidification of the ruffled
border, and removal of bone minerals continue,
but matrix fibrils are left behind because the
bone matrix is not completely degraded [Ries
et al., 1992]. In addition, Garrett et al. [1990]
found that superoxide stimulates the formation
of osteoclasts. Thus, superoxide appears to be
directly involved in bone degradation and in
osteoclast formation.

NADPH oxidase has been shown to be an
enzyme system generating superoxide in osteo-
clasts [Steinbeck et al., 1994; Yang et al., 1998].
A rate-limit subunit of NADPH oxidase is p91.
Osteoclasts from p91 knockout mice continued
to produce superoxide at a normal rate. This
unexpected phenomenon led us to clone mouse
NADPH oxidase 4 (Nox4), a new homologue of
p91[Yangetal.,2001]. Abrogation of the normal
level of Nox4 expression in osteoclasts inhibits
both osteoclastic superoxide production and
bone resorption activity [Yang et al., 2001].

Production of superoxide is an important
aspect of osteoclast-mediated bone resorption.
Studies have shown that an increase or decre-
ase of superoxide production has been asso-
ciated with stimulated or inhibited osteoclastic
bone resorption [Ries et al., 1992; Berger et al.,
2001]. To generate a highly active osteoclast
model in vitro, we attempted to mimic the high
production of superoxide in osteoclasts by the
DNA transfection technology. In this study, a
gain of function strategy using the DNA
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transfection technique is applied. This techni-
que examines the hypothesis that Nox4-derived
superoxide production may be involved in osteo-
clast formation and that expression of Nox4 may
enhance osteoclast activity.

We expect that not only is Nox4 involved in
bone resorption, but that it also functions in
regulating the osteoclast signaling pathway by
generating superoxide and/or other reactive
oxygen species (ROS). We have shown here that
increased superoxide generation by Nox4/P22
transfection related with a greater expression of
cathepsin K and TRAP in RAW derived osteo-
clasts. JNK was activated and NF-«kB was
inhibited in Nox4/P22 cotransfected osteoclasts.
These findings suggest that superoxide and/or
superoxide derived molecules may modulate the
signal transduction pathways necessary for
osteoclasts to function.

MATERIALS AND METHODS
Materials

Recombinant murine RANKL is a gift from
Amgen, Inc. (Thousand Oaks, CA). M-CSF, and
other chemical reagents were purchased from
Sigma (St. Louis, MO). IQ SYBR Green Super-
mix for a real-time PCR was obtained from
Bio-Rad (Hercules, CA). The anti-JNK antibody
was purchased from Santa Cruz (Santa Cruz,
CA). SuperFect reagent was bought from
Qiagen (Valencia, CA), and expression vector
pcDNAS.1/V5-his was purchased from Invitro-
gen. The in situ hybridization (ISH) system for
use with biotinylated probes was purchased
from DAKO (Carpinteria, CA). The reagent
for measuring TRAP (Tartrate resistant acid
phosphatases) activity was purchased from
RAICHEM (San Diego, CA).

RAW Derived Osteoclasts

Mouse macrophage cell line RAW 264.7 differ-
entiated into fully functional osteoclasts in the
presence of RANKL [Hsu et al., 1999]. RAW
264.7 cells were cultured in DMEM/10% FBS
containing 50—100 ng/ml RANKL. RAW derived
osteoclasts were formed after 5-7 days, and
80% of the cell population appeared to be osteo-
clasts that were identified as TRAP positive
cells with more than three nuclei.

Bone Marrow Derived Osteoclasts

Osteoclasts obtained from mouse bone mar-
row cells were prepared as described [Wei et al.,

2002]. Briefly, bone marrow cells from 4-—6-
week-old mice were cultured at 65,000/cm? in o-
MEM/10% FBS with 10 ng/ml M-CSF for 24 h.
The non-adherent cells were harvested and
transferred to a new dish. RANKL then was
added to dishes (f.c. 100 ng/ml). The medium
was changed every three days by adding 5 ml
of -MEM/10% FBS with 10 ng/ml M-CSF and
100 ng/ml RANKIL, replacing the old medium.
Osteoclasts were observed as giant osteoclasts
having three or more nuclei after culture for 7—
10 days. Non-osteoclast cells were treated by a
brief enzyme digestion (10 min with pronase-
EDTA solution) and removed by gentle pipet-
ting. More than 80% of the remaining cells were
TRAP positive osteoclasts.

In Situ Hybridization

Plasmid DNA containing the reverse orienta-
tion of Nox4 was linearized by Not I, and biotin
labeled Nox4 antisense RNA was generated by
T7 RNA polymerase. To produce a smaller size
of riboprobes, alkaline hydrolysis was conducted
at 60°C for 30 min in a solution of 60 mM
NayCOs3; 40 mM NaHCOg3, pH 10.2. The size of
the riboprobes (100—300 base) was verified by
electrophoresis.

Murine paws were dissected from newborn
mice and cryosections were cut. After fixing in
buffered 10% formalin, slides were rinsed three-
times in TBS (50 mM Tris-Cl, pH 7.6, 0.15 M
NaCl). Meanwhile, riboprobes were diluted to
0.2—1 pg/ml using a hybrid solution (DAKO,
S3304), and denatured at 80°C for 10 min. One
drop of the diluted riboprobe solution was appli-
ed to each section, and a coverslip was placed.
Slides then were placed in a humid box with wet
paper towels, and hybridization was conducted
at 37°C overnight. At the end of hybridization,
slides were immersed in a TBS bath until the
coverslips came off. Slides were washed with a
pre-warmed 40°C wash solution and incubated
at 40°C for 30 min. Thereafter, slides were
washed 2x in a fresh TBS for 1 min. Streptavi-
dine-AP reagent was applied and incubated for
20 min at RT. Finally, slides were washed in a
fresh TBS for 5 min and air dried.

For ISH using cultured osteoclasts, murine
bone marrow cells were cultured in chamber
slides in the presence of M-CSF and RANKL
to obtain osteoclasts. After fixing, slides were
treated with 0.1% Triton for 5 min to increase
cell permeability. ISH was performed as des-
cribed above.
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Expression Vector and Transient Transfection

Full-length ¢cDNA of Nox4 [Yang et al.,
2001] was subcloned into the pcDNAS3.1/V5-his
vector. Mouse P22 ¢cDNA was generated by
RT-PCR based on the GenBank information
(gi: 22094076). It was subsequently subcloned
into the pcDNAS3.1/V5-his vector.

When RAW derived osteoclasts were formed
in culture, transient transfection was conducted
according to the manufacture’s manual. Briefly,
5 pg of DNA was diluted in 150 pl of the culture
medium containing no serum or antibiotics.
Thirty microliters of SuperFect reagent then
was added to the DNA solution, and incubated
at RT for 5—10 min to allow formation of the
transfection DNA complex. After the incuba-
tion, 1 ml of culture medium containing serum
and antibiotics was added to the DNA tube.
Thereafter, culture dishes were washed once
with 5 ml of PBS, and the mixture of the
transfection DNA complex (1,180 pl) was imme-
diately transferred to the culture dish. Cells
were incubated with the transfection complex
at 37°C, 5% COg for 2—3 h. After removing the
medium containing the transfection complex by
gentle aspiration, cells were washed once with
PBS. Fresh medium containing 50 ng/ml of
RANKL then was added and incubation was
conducted for 1-2 days. The cell viability after
transfection was approximately 90%. Success-
ful transfection was demonstrated by over-
expression of Nox4 mRNA identified by the
real-time PCR (Table II).

Superoxide Production Assay

RAW derived osteoclasts were transfected
and cultured for 24 h as described above.

Superoxide production was measured by a
NBT assay [Key et al., 1990]. Briefly, RAW
derived osteoclasts were incubated with the
NBT solution (2 mg/ml NBT and 35% FBS in
culture medium) for 1 h at 37°C. Thereafter,
cells were fixed by 10% formalin. The NBT
staining intensity of one individual osteoclast
was measured and quantified by an inverted
microscope equipped with a CCD camera, and
the C2D densitometry software. Twenty NBT-
stained RAW derived osteoclasts from each ex-
periment were randomly selected and analyzed.

RT-PCR and Real-Time PCR

Total RNA was extracted using RNAzol
reagent, and 2 pg of RNA was converted to
cDNA by reverse transcription. Conventional
PCR was performed using 3—5 pl of cDNA mixt-
ure and PCR primers as indicated (Table I).
Real-time PCR then was conduced by the
iCycler iQ real-time PCR detection system
(Bio-Rad) using 0.1-1 ul ¢cDNA mixture and
PCR primers as indicated (Table I). A standard
curve with known copy numbers of 18S rRNA
was generated by serial dilutions and used for
each run. Amplification of 18S rRNA from the
same sample was used as the internal standard,
and its copy number was determined according
to the standard curve. A relative expression
level of target mRNA was expressed as copy
numbers per 107 copies of 18S rRNA.

TRAP Activity

RAW derived osteoclasts were transfected
and cultured for 24 h as described above. After
washing by PBS, cells were lysed in RIPA buffer
and protein concentration was determined by

TABLE 1. PCR Primers

Mouse gene Primer sequence (5'-3’) Position  Accession number
Primers for real-time PCR
Nox4 Forward: CCCAAGTTCCAAGCTCATTTCC 5': 868 AF218723
Reverse: TGGTGACAGGTTTGTTGCTCCT 3': 958
Cathepsin K Forward: GTGGTTCCTGTTGGGCTTTCA 5': 407 XM_109390
Reverse: CCGCCTCCACAGCCATA 3': 523
TRAP Forward: GTCCATCGCCGAGCAC 5': 765 NM_007388
Reverse: AGCCCACACCGTTCTCGTCCT 3': 881
c-fms Forward: GGTTGTAGAGCCGGGTGAAAC 5': 165 X68932
Reverse: CTTCCGGGAGATTCAGGGTC 3': 256
18S RNA Forward: GGGATGCGTGCATTTATCAGA 5': 208 22550391
Reverse: GTCACCCGTGGTCACCAT 3': 394
Primers for conventional PCR
GAPDH Forward: GGTCACCAGGGCTGCCATTTG 5:91 M32599
Reverse: ATTGCTGACAATCTTGAGTGA 3': 467
Nox4 Forward: CAGCTTCTACCTACGCAATA 5': 575 AF218723
Reverse: GGAAATGAGCTTGGAACTTGGG 3': 868

Probe for hybridization: AATGTAGACACTCACCCTCCT 5': 700
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the protein assay reagent (Bio-Rad). Cell lysates
samples (0.05 ml) were mixed with acid phos-
phatases reagent (1 ml) and tartrate solution
(0.01 ml). After incubation for 5 min at 30°C, the
initial absorbance at 405 nm was read. Final
absorbance was read after samples continued
to incubate for 5 min at 30°C. TRAP activity
(U/L) was calculated by AA/min x (1.06 x 10%/
12.9 x 103/0.05) as suggested by the manufac-
turer. Finally, TRAP activity (U/L) was con-
verted to U/mg protein.

EMSA

Nuclear proteins were extracted as described
with a slight modification [Andrews and Faller,
1991]. EMSA was performed by a modification
of a method previously described [Singh et al.,
1986]. Briefly, 10 ug of nuclear proteins were
suspended in 20 pl of binding buffer (12 mM
HEPES-K, pH 8, 4 mM Tris-Cl, pH 8, 60 mM
KCl, 30 mM NaCl, 5 mM MgCl, 0.1 mM EDTA,
0.1 mg/ml BSA, 12.5% glycerol, 1 mM
DTT, 50 pg/ml Poly(d[I-C]), 0.5 mM PMSF,
50,000 cpm of the 32P-labeled NF-kB consensus
sequence (5'-AGCTTGGGGACTTTCCGAG-3')
with or without 50 ng of unlabeled oligonucleo-
tide. After incubation at room temperature for
30 min, the DNA-protein complexes were
resolved by electrophoresis on 4% polyacryla-
mide gel. The autoradiography was processed to
reveal the binding activity of the DNA—protein
complexes.

Kinase Assay

RAW derived osteoclasts were transfected
and cultured for 24 h as described above. After
washing by PBS, osteoclasts were lysed by
adding 1 ml of RIPA buffer and incubated for
30 min at 4°C. After centrifugation, the super-
natant containing total cell extracts was pre-
cleared with 10—15 pl of protein A/G-agarose
beads. The beads then were removed by cen-
trifugation and the supernatant (500 ug) was
incubated with 1 pg of anti-JNK antibody
(Santa Cruz) for 2-3 h at 4°C. The JNK
immunocomplexes were precipitated by protein
A/G-agarose beads. After several washings, the
beads were resuspended in 25 pl of kinase buffer
containing 25 uM of ATP, 2 nCi of [y-32P] ATP,
and 1 pg of recombinant c-Jun protein as a
substrate. Incubation was conducted at 30°C for
30 min, and 30 pl of 2x sample buffer then was
added. After boiling for 5 min, samples were
separated by 12% SDS—PAGE, and followed by

autoradiography to determine the 3?P-labeled
c-Jun protein at a position of 37 kDa.

Statistical Analysis

Results were expressed as mean + SD. Differ-
ences between means were determined by the
Student’s ¢-test.

RESULTS
Expression of Nox4 in Osteoclasts

Expression of Nox4 in osteoclasts was demon-
strated by ISH. Figure 1A shows hybridization
signals located at the collar region in the
newborn murine paw, where osteoclastic activ-
ity initiates vascularization of the cartilaginous
bone model or anlage. Figure 1B shows that
multinuclear cells are heavily stained while
mononuclear cells are stained very lightly,
indicating Nox4 expression in osteoclasts. To
confirm this result, a conventional RT-PCR was
performed. As shown in Figure 1C, Nox4 mRNA
was expressed in osteoclasts while the precur-
sor cells (RAW and bone marrow) had an
infinitesimal amount of Nox4 mRNA. Our data
showed that as osteoclasts developed from
precursor cells, expression of Nox4 was in-
creased. Upregulation of Nox4 suggests that
Nox4 may be of physiological importance in the
development and formation of osteoclasts.

Nox4 Transfection of RAW Derived Osteoclasts

To generate a highly active osteoclast model
in vitro, we attempted to mimic the high produc-
tion of superoxide in osteoclasts by the DNA
transfection technology. An in vitro expression
system was constructed by inserting the Nox4
c¢DNA coding sequence into an expression vector,
driven by a CMV promoter (pcDNA3.1/V5-his,
Invitrogen). RAW-derived osteoclasts were
transfected with Nox4, a control DNA, P22, R-
Nox4/P22, and Nox4/P22, respectively. After
culturing for 24 h in the presence of RANKL,
RNA was isolated for RT-PCR. The high expres-
sion of Nox4 mRNA in transfected osteoclasts
was demonstrated by a real-time PCR (Table II).

Osteoclastic superoxide production activity
was determined by the NBT assay. Figure 2
showed that cotransfection of Nox4 with P22
greatly enhanced osteoclastic superoxide pro-
duction. This finding suggests that Nox4 may
require an accessory protein P22 to produce
superoxide in a manner similar to the P91
subunit. When superoxide dismutase (SOD) was
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Fig. 1. NADPH oxidase 4 (Nox4) expression in osteoclasts.
A: Murine paws were dissected from newborn mice and
cryosections were cut. After fixing, biotin labeled Nox4 antisense
RNA was applied to the slides, and ISH was conducted at 37°C
overnightin a humid box, as described in Materials and Methods.
Arrows indicate the intensive signals are located at the collar
region in the newborn murine paw where osteoclastic activity
initiates vascularization of the cartilaginous bone model.
B: Murine bone marrow cells were cultured in chamber slides
in the presence of M-CSF and RANKL to obtain osteoclasts. After
fixing, slides were treated with 0.1% Triton for 5 min to increase
cellular permeability. ISH was performed as described in
Materials and Methods. Note that multinuclear cells are heavily

TABLE II. Expression of Nox4 mRNA
in Transfected Osteoclasts

Nox4
Control vector 0.8x10%*+1.5x10°
Nox4 76.0 x 10* +8.3 x 103*
P22 6.4x10*+2.1x 103
R-Nox4/P22 15.1x 10*+5.7 x 103
Nox4/P22 96.0 x 10*+£8.9 x 10%*

RAW-derived osteoclasts were transfected with a control vector,
Nox4, P22, R-Nox4/P22, and Nox4/P22 DNAs, respectively.
Expression of Nox4 mRNA in transfected osteoclasts was
analyzed by a real-time PCR as described in the methodology.
Results were expressed as mean +SD of mRNA copy number
per 107 copies of 18S rRNA.

R-Nox4, the reverse orientation of Nox4.

*P<0.01.

Cc
BM BM-Oc

Raw Raw-Oc
= + = 4+ = 4+ = +

RTase

Nox4

stained while some mononuclear cells are stained very lightly,
indicating Nox4 expression in osteoclasts. C: RNA was isolated
from osteoclasts originated from mouse bone marrow and RAW
cells, respectively. RT-PCR was performed using Nox4 primers
(Table ). The specificity of the PCR product was demonstrated by
the Southern blot using a *2P-labeled internal probe. The
presence of Nox4 is shown in osteoclasts, but not in precursor
cells (BM and RAW). PCR amplifications of GAPDH were served
as positive controls, and negative controls were the same samples
to which RTase was not added. Shown here is one of three repeat
experiments. RTase: reverse transcriptase. BM, bone marrow;
Oc, osteoclasts. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

included in the assay, no superoxide was detect-
able (data not shown), suggesting the specificity
of the superoxide generated by transfected
cells. Increased superoxide production was
abolished when cells were cotransfected with
P22/R-Nox4 (the reverse orientation of Nox4),
indicatingthat enhanced superoxide production
mightbelinked toanincreaseof Nox4 expression
in transfected RAW derived osteoclasts.

Expression of Cathepsin K and TRAP
in Transfected Cells

To show whether a Nox4 DNA transfect-
ion could affect osteoclastic gene expression, a
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Fig. 2. Superoxide production by transfected osteoclasts.
A: RAW-derived osteoclasts were transfected with a control
vector, Nox4, P22, R-Nox4/P22, and Nox4/P22 DNAs, respec-
tively. After culturing for 24 h, the superoxide generating activity of
transfected osteoclasts was determined by the NBT assay and
quantified using a CCD camera equipped with the C2D
densitometry software. Data were collected from 20 randomly
selected osteoclasts in each experiment. The maximum of

real-time PCR was performed. Table III showed
that mRNA expression of cathepsin K and
TRAP was increased in osteoclasts cotrans-
fected with Nox4/p22 DNAs, while no signifi-
cant increase of c-fms (M-CSF receptors) was
observed. In addition, enhanced TRAP activity
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superoxide generation was observed in osteoclasts transfected
with Nox4/P22. R-Nox4, the reverse orientation of Nox4. Results
were expressed as mean+SD. *P<0.05. B: NBT stained
osteoclasts transfected with Nox4 and p22. C: NBT stained
osteoclasts transfected with a control DNA. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]

was observed in osteoclasts cotransfected with
Nox4/p22 DNAs (Fig. 3).

Notably, when cells were transfected with the
reverse oriented Nox4 (R-Nox4), both cathepsin
K and TRAP expression levels were declined,
which may indicate a decreased osteoclastic

TABLE III. Expression of Cathepsin K, TRAP, and c-fms
in Transfected Osteoclasts

Cathepsin K TRAP c-fms
Control vector 5.8 x10*+1.5x 10° 48x10*+1.1x103 5.2 x10*+£3.3 x 103
Nox4 5.0 x 10*+ 4.3 x 10° 4.5%x10*+4.7x 103 3.9%10*+4.3x 103
P22 4.3x10*+6.1 x10° 4.4%x10*+2.1x103 3.1x10*+£0.7x 103
R-Nox4/P22 2.1x10*+£0.7 x 103 1.6 x 10*+4.9 x 10° 2.3x10*+3.2x 103
Nox4/P22 12.0 x 10*4+0.9 x 103 17.0 x 10*+ 16 x 103* 4.7x10*+3.6 x 10°

RAW-derived osteoclasts were transfected with a control vector, Nox4, P22, R-Nox4/P22, and Nox4/P22
DNAs, respectively. Expression of cathepsin K, TRAP, and c-fms in transfected osteoclasts were analyzed
by a real-time PCR as described in the methodology. Results were expressed as mean + SD of mRNA copy

number per 107 copies of 18S rRNA.
R-Nox4, the reverse orientation of Nox4.
*P <0.05.
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Fig. 3. TRAP activity in transfected osteoclasts. A: RAW-derived osteoclasts were transfected with a control
vector, Nox4, R-Nox4/P22, and Nox4/P22 DNAs, respectively. After culturing for 24 h, osteoclasts were
lyzed in RIPA buffer. TRAP activity was determined by a PNPP assay as described in Materials and Methods.
*P<0.05. B: TRAP stained osteoclasts transfected with Nox4 and p22. C: TRAP stained osteoclasts
transfected with a control DNA. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

activity. The decrease of cathepsin K and TRAP
mRNA expression by R-Nox4 supports our
previous findings that the Nox4 antisense
oligonucleotide reduced osteoclastic superoxide
production and bone resorption [Yang et al.,
2001].

Effect of Transfection on the Signal
Transduction Pathway

To determine if DNA transfection could affect
the NF-xB signal transduction pathway, nuc-
lear proteins were extracted from RAW-derived
osteoclasts transfected with Nox4, Nox4/P22,
and a control vector. The DNA binding activity
of NF-xB was examined. As shown in Figure 4,
the binding activity of NF-xB was inhibited in
osteoclasts transfected with Nox4/P22. Such
inhibition seems related to the level of super-
oxide production in transfected cells; the higher
the amount of superoxide generated by Nox4/
P22 transfected cells, the greater the inhibition.
When EMSA was performed in the presence of

Nox4/P22

Oc
Vector
Noxd

<+— NF-xB

Fig. 4. The NF-kB binding activity in transfected osteoclasts.
RAW-derived osteoclasts were transfected with a control vector,
Nox4, and Nox4/P22 DNAs, respectively. After culturing for
24 h, nuclear protein was extracted and 20 pg of nuclear protein
was incubated with the *P-labeled NF-kB consensus sequence.
The protein binding activity to the NF-kB consensus sequence
was visualized by autoradiography. Transfection with Nox4/P22
DNA resulted in a decrease of the NF-kB binding activity. The
shown figure represents one of two repeat experiments. Oc,
osteoclasts.
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excess unlabeled NF-kB oliogonucleotide, no
binding activity was detected (data not shown).
This result indicates the specificity of the NF-xB
binding.

The JNK pathway was further examined.
Figure 5 showed that Nox4/p22 transfection
induced JNK activity in osteoclasts, and the in-
crease in JNK activity may relate to the increas-
ed amount of superoxide in transfected cells.

DISCUSSION

Osteoclast-generated superoxide is necessary
for bone resorption to occur optimally, and this
superoxide directly participates in bone degra-
dation. Studies have shown that superoxide
production occurs at the osteoclast—bone inter-
face [Key et al., 1990; Darden et al., 1996].
Inhibition of superoxide production at the
osteoclast—bone interface is associated with a
reduction in bone resorption by individual
osteoclasts [Ries et al., 1992]. Osteocalcin can
be fragmented into small peptides upon expo-
sure to superoxide [Key et al., 1994]. Studies
have shown that NADPH oxidase is the enzyme
responsible for superoxide generation in osteo-
clasts [Steinbeck et al., 1994; Yang et al., 1998]
and p91 is the rate-limit subunit of NADPH
oxidase.

We found that osteoclasts of p91 knockout
mice produce normal amounts of superoxide. In
keeping with this observation, similar findings
have been reported that lung endothelial cells
[Kubo et al., 1996] and vascular cells [Souza
et al., 2002] from p91(—/—) mice are capable of

Oc
Vector
Nox4
Nox4/P22

JNK activity

e B

Fig. 5. The JNK kinase activity in transfected RAW derived
osteoclasts. RAW-derived osteoclasts were transfected with a
control vector, Nox4, and Nox4/P22 DNAs, respectively. After
culturing for 24 h, total protein lysate was prepared using the lysis
buffer. Immunoprecipitation was conducted with the JNK
antibody (2 pg) and the protein A/G agarose. The kinase activity
of the precipitated JNK was determined by the phosphorylation of
the recombinant c-jun protein. An increase of JNK activity was
observed in Nox4/P22 transfected osteoclasts. Shown here is one
of two repeat experiments. Oc, osteoclasts.

generating a normal level of superoxide. This
unexpected result led us to clone mouse Nox4
[Yang et al.,, 2001], one of the Nox family
members [Lambeth et al., 2000]. Murine osteo-
clasts were shown to express Nox4, and the
antisense oligonucleotide of Nox4 reduced
superoxide generation and inhibited bone
resorption in p91 knockout mice [Yang et al.,
2001].

In this study, we showed that Nox4 ex-
pression was localized in osteoclasts in situ
(Fig. 1A,B). As osteoclasts developed and
formed, Nox4 expression increased compared
with that of precursor cells (Fig. 1C), suggesting
that Nox4 may be associated with osteoclast
development and formation.

Since superoxide production by osteoclasts
has been linked with osteoclastic activity, a gain
of function study, using the DNA transfection
technique, was applied to establish an active
osteoclast model. This cell model has the
potential to produce a relatively high level of
superoxide and/or its related ROS, which may
be involved in osteoclastic function and activity.

The high expression of Nox4 mRNA in trans-
fected osteoclasts was demonstrated (Table II),
indicating the success of transfection. However,
superoxide production was only enhanced
slightly in those Nox4 transfected osteoclasts
(Fig. 2A). Considering the fact that p91 usually
combines with P22 to function as a cell mem-
brane cytochrome bssg to produce superoxide
[Segal, 1993], Nox4 may need the p22 subunit to
form a functional complex in RAW derived
osteoclasts. Therefore, cotransfection of osteo-
clasts with Nox4 and P22 was conducted. As
expected, superoxide production was increased
greatly in osteoclasts cotransfected with Nox4
and P22.

Published papers described Nox4 transfec-
tion into cell lines NIH/3T3 cells [Geiszt et al.,
2000] and COS7 cells [Shiose et al., 2001],
respectively. Their data showed that Nox4
transfected cells were active in the absence of
p22. Both NIH/3T3 cells and COS7 cells are
fibroblasts, which may contain different cellular
proteins and components from osteoclasts.
Therefore, Nox4 may not need an accessory
protein for producing superoxide in fibroblasts.
It is also possible that fibroblasts may express
unknown p22 homolog, which functions as p22
to bind with Nox4 to produce superoxide. In our
study, osteoclasts are the target cells for Nox4
transfection, which might contain different
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biochemical and physiological proteins from
fibroblasts (NIH/3T3 and COS7). Thus, p22
may be needed for osteoclasts to produce a large
amount of superoxide. Another possible effect of
p22 in osteoclasts is a binding with Nox4,
forming a heterodimer, thus stabilizing Nox4.

Cotransfection of Nox4 and P22 increased
both cathepsin K and TRAP expression in RAW
derived osteoclasts (Table III). Further study
showed that enhanced TRAP activity was found
in osteoclasts transfected with Nox4 and P22
(Fig. 3). Such an increase may be related to an
increase of superoxide production, because
increased levels of cathepsin K and TRAP were
diminished in cells transfected with R-Nox4/
P22, which were incapable of stimulating super-
oxide production. Enhanced gene expression of
cathepsin K and TRAP might indicate a higher
potential of osteoclastic activity, since cathepsin
K is directly produced by osteoclasts in order to
digest demineralized bone matrix proteins [Inui
etal., 1997]. TRAP isbelieved to be a histological
marker of osteoclasts [Minkin, 1982]. More
importantly, TRAP was reported to be able to
generate ROS, including superoxide [Halleen
et al., 1999]. In resorbing osteoclasts, TRAP
facilitates breaking down matrix components
in transcytotic compartments by generation of
ROS [Halleen et al., 1999].

Inbiological systems, the generation of super-
oxide is accompanied by the production of
hydrogen peroxide via dismutation. It has been
reported that hydrogen peroxide, originated
from superoxide, is the relevant molecule that
activates mitogenic signal pathways, mediates
cell differentiation and growth in NIH 3T3 cells
[Arnold et al., 2001]. In osteoclasts, both super-
oxide and hydrogen peroxide have been found to
play a role. Hydrogen peroxide may stimulate
bone resorption by enhancing the differentia-
tion and formation of mature osteoclasts
[Fujimiya et al., 1997; Steinbeck et al., 1998].
Superoxide may stimulate bone resorption by
activating collagenases [Weiss et al., 1985] and
by participating in fragmentation of matrix
proteins [Key et al., 1994]. In addition, super-
oxide may function as an antagonist to osteo-
clastic nitric oxide, which is a powerful inhibitor
of osteoclastic bone resorption [Silverton et al.,
1999].

In this study, we showed that the activation of
NF-«B was inhibited rather than stimulated in
Nox4/p22 transfected osteoclasts, and the JNK
activity was increased by the Nox4/p22 trans-

fection. Although we do not have direct evidence
demonstrating that superoxide or its relevant
ROS functions as intracellular messengers in
osteoclasts, a number of reports have suggested
that one of the physiological functions of super-
oxide and/or ROS is to regulate signaling path-
ways, such as modulation of rate and extent of
protein phosphorylation [Fialkow et al., 1993,;
Chanock et al., 1994; Brumell et al., 1996;
Suzuki et al., 1997; Rhee et al., 2000; Ullrich
and Bachschmid, 2000]. Protein tyrosine phos-
phatases (PTPs) have been regarded as targets
of ROS. One of PTPs family members, PP2B
(also known as calcineurin), can be inactivated
by superoxide as a result of oxidative damage to
the Fe—Zn active center of PP2B [Wang et al.,
1996]. Inhibition of other PTPs by hydrogen
peroxide has also reported [Cunnick et al., 1998;
Lee and Esselman, 2002; Chiarugi et al., 2003].
In addition, ROS has been shown to activate pro-
tein kinases, such as MAPK [Cunnick et al.,
1998; Lee and Esselman, 2002] and JNK [Pani
et al., 2000]. Because the extent of protein phos-
phorylation in a cell is controlled by a balance
between protein kinases and phosphatases,
either activation of kinases or inhibition of
phosphatases would result in an elevated level
of protein phosphorylation in a cell. Thus en-
hanced protein phosphorylation in osteoclasts
may be one of the mechanisms to explain
induced JNK activity in Nox4/P22 transfected
osteoclasts, since protein phosphorylation has
been reported to be necessary for JNK activa-
tion [Barrett et al., 1999].

Superoxide derived molecules (hydrogen
peroxide, peroxynitrite, and hypochloric acid)
are highly reactive and powerful oxidizers
[Silverton, 1994]. It has reported that activation
of NF-kB was inhibited by cell pretreatment
with hydrogen peroxide [Carballo et al., 1999].
This inactivation was interpreted as resulting
from oxidative damage of NF-xB. This mechan-
ismisin agreement with the report that activity
of NF-kB was totally abolished when oxidation
of NF-kB occurred [Okamoto et al., 2002]. Our
result may be an additional example to support
the finding that inhibition of NF-xB may have
resulted from oxidative damage by superoxide
and superoxide derived molecules.

In summary, we demonstrated that Nox4 was
expressed by osteoclasts, and Nox4 was upre-
gulated during RANKL-mediated osteoclast
development from precursor cells. Expression
of Nox4 increases superoxide generation in
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parallel, with increasing expression of Cathe-
psin K and TRAP in osteoclasts transfected by
Nox4/P22. Activation of JNK and inhibition of
NF-kB were also found in osteoclasts trans-
fected by Nox4/P22. These findings suggest that
superoxide and/or superoxide derived mole-
cules may modulate the signal transduction
pathways necessary for osteoclasts to function.
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